Abstract-This paper presents the design and development of an open-code Type-3 wind turbine virtual-testbed for real-time simulations. The proposed testbed includes the bare code for all the models required to emulate a Type-3 wind turbine system: the Doubly-Fed Induction Generator (DFIG) dynamic model, single-mass drive train, wind turbine system, and average model of the back to back power. This testbed can be executed in PClayer for offline simulations or can be executed in real-time on the National Instruments (NI)-CompactRIO (cRIO) platform. The discrete-time models are implemented on the Field Programmable Gate Array (FPGA), using LabVIEW, and validated against a physical hardware setup. The emulated stator and rotor currents and DC-link voltage are compared against physical measurements creating a validated platform independent from third-party models and suitable for applications in real-time. The proposed testbed is intended to be available to researchers, wind turbine manufacturers, and utility companies to perform tests using a validated platform to verify proposed control designs of DFIG wind turbines.
I. INTRODUCTION
For complex systems like the DFIG it is usually not possible to test and verify control algorithms directly on the physical system due to cost and safety concerns. One alternative to a physical implementation is to design and verify control strategies using real-time simulators, which are a complementary tool to offline simulators, such as Matlab Simulink, PSIM etc.
Review of literature shows that real-time emulation of power electronics and electric machinery have been addressed widely [2] - [5] . Regarding real-time emulation of variable speed wind turbine systems. Authors in [4] present the realtime power-hardware-in-the-loop of the DFIG and the permanent-magnet synchronous machine wind turbine. Authors in [3] implement the DFIG wind turbine on a FPGA board, while in [5] a the DFIG is deployed on a cluster of digital signal processor. However, at the best knowledge of the authors, these research papers do not validate the models against a physical machine or use proprietary hardware to execute the models. This paper presents the design and development of a opencode grid-connected Type-3 testbed for real-time simulations, presented in seven sections. The real-time models are first developed in sections II-V; and include the DFIG dynamic model, back to back inverter model, mechanical model, and aerodynamic model. Section VI addresses the control design for the back to back converters. The controllers and all the model are implemented on a single NI cRIO 9039 FPGA. Section VII presents the model validation against a physical DFIG setup, which provides a realistic test environment. The physical testbed includes a 250W DFIG, a four-quadrant vector controlled back-to-back power converter, and a PM driver used to emulate the wind, aerodynamic system, and the drive train. The hardware validation is an important step towards revealing the limits in which the DFIG and power converter models are valid. Lastly, section VIII shows how the validated real-time simulator also provides increased performance over offline simulators.
The presented Type-3 testbed can be used to study fault conditions in a safe environment, and to calculate the Proportional-Integral (PI) controllers offline before hardware implementation. Furthermore, the proposed testbed is intended to be available to researchers, wind turbine manufacturers, and utility companies to perform tests in a validated platform to verify proposed control designs of DFIG based wind turbines.
II. DFIG DYNAMIC MODEL
The DFIG dynamic model describes the behavior of the machine in steady state as well the evolution of the electric variables during transients [1] . The dynamic model is computationally intensive because it uses integrators and reference frame transformations that require large space on the FPGA. Since the logic resources on the FPGA are limited, it becomes crucial to find a machine model that uses the fewest resources as possible while providing an accurate representation of the machine dynamics. Review of literature shows four different reference frames that are used to express the electrical variables of the DFIG [9] [12][14] [15] : The αβγ oriented with either stator or rotor angles, synchronous (dqo), or the natural frame. These models can be represented in matrix form using currents or fluxes as state variables. A previous study showed the state-variable representation and the reference frame impact the model execution time on the FPGA, shown in Figure 2 [9] . For this paper, the αβγ reference frame oriented with respect to rotor angle and using the fluxes as state variables was chosen because its execution time is lower. This efficient machine model enables to emulate the complete Type-3 wind turbine system on a single FPGA.
III. BACK TO BACK MODEL
The back-to-back model consists of the Grid Side Converter (GSC) and the Rotor Side Converter (RSC). Applying Kirchhoff's law and choosing currents as state-variables, the GSC is represented by eq (1.0), the RSC by (1.1) and the DClink circuit by (1.2): 
IV. MECHANICAL MODEL Assuming a perfect rigid low speed shaft, the two-mass train model is reduced to a one-mass drive train model. The resulting governing equation is [10] :
The amount of power that could be extracted from a threeblade wind turbine satisfies the following cubic law (1.4). The formulas and coefficients used to calculate Cp is (1.5) [7] .
where the air density, Rblade the blade radius, Cp the aerodynamic coefficient, β the pitch angle, λ the tip speed. Figure 3 shows the control structure of the DFIG wind power generation system. This approach uses vector control to independently regulate the active and reactive power from the grid [8] [13] [16] . The rotor controller is designed to control the speed of the machine and the stator reactive power. The speed reference is generated by a MPPT algorithm to maximize power generation. The grid controller keeps a constant DC-link voltage regardless of the magnitude or direction of the power flow while ensuring unity power factor at its point of connection.
VI. DFIG CONROLLER
The current transfer function for the RSC is defined by low frequency poles that depend on the passive elements of the induction machine (1.6). The poles at the GSC current transfer function depends on the grid filter parameters (1.7).
The gains of the current controllers are calculated using the values listed in Table 1 . The results shown in Figure 5 and Figure 6 were obtained using a closed-loop configuration, where the RSC controls DFIG through subs-synchronous, synchronous and hypersynchronous speeds. These figures show that the error between the emulated and measured currents varies with the slip. The error for the stator currents is a minimum at subsynchronous speeds and increases to 8% during hypersynchronous operation. For the rotor currents, the error is a minimum near the synchronous speed and a maximum at both
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sub-synchronous and hyper-synchronous operating points, with an absolute maximum of 15% at 1800 RPM. The difference between the measured and emulated stator and rotor currents warrants further investigation, and as suggested by [1] , might be explained by a nonlinear magnetizing inductance whose magnitude is dependent upon the magnitude of the magnetizing current. For reference, the magnetizing inductance of the generator was held constant in the modeling presented here. 
VIII. REAL TIME EXECUTION OF TYPE-3 WIND TURBINE SYSTEM
The developed Type-3 wind turbine testbed can be executed in PC-layer for offline simulations or can be executed in realtime on the cRIO platform. This section explores the performance difference between these work modes. As expected, both models provide the same results, however the code executed on the PC-layer requires 40m to simulate 35s, while the same code on the FPGA requires 4 minutes to simulate 245 seconds, which is 70 times faster than PC-layer execution, see Figure 9 -10. 
IX. CONCLUSIONS
This article shows the design and implementation of a realtime simulator for a complete grid-connected Type-3 wind system. The code for the real-time DFIG dynamic models, back to back model, mechanical model, and aerodynamic model were addressed. The dynamic machine model was verified using Hardware in the Loop, where the current signals of the models executed in real time were compared against physical measurements. The closed-loop validation showed that the models provide a good representation of the generator over certain operating speed ranges, with a maximum error of 15% in the rotor currents, and 8% in the stator currents. The ranges of poor representation emphasize the point that models need to be compared against the physical systems they are expected to represent, with an eye towards explaining any discrepancies. Lastly, the developed Type-3 real-time wind emulator runs approximately 70 times faster than the same code executed on the PC-layer, making it an ideal tool to study the low dynamics normally present in wind energy systems.
